Safety is important to the construction industry. Every year lives are lost due to accidents that could have been prevented with proper training and awareness of workplace hazards. Electrical safety hazards are the cause of about a quarter of all deaths within the construction industry. Enhanced training methods that are active and interactive can augment electrical safety training for all construction workers and reduce accidents and fatalities caused by electrical shock. Virtual Environment (VE's) simulations have been used with success for safety training within the construction industry. VE simulation offers an active form of training that allows the user to interact with a modeled environment. This active training allows for a development of cognitive abilities and awareness that typically improve the users' comprehension of training material. This paper discusses issues concerning electrical safety within the construction industry. It then discusses the benefits of using an active training approach such as VE simulation and its effects on the cognitive abilities of users. Lastly, a proposed safety training program is discussed that can help augment electrical safety training practices in the construction industry. Within the proposed safety training program a VE simulation prototype is planned. The initial development of the prototype simulation is also presented.
INTRODUCTION
Electricity exists as a hazardous condition to the workers within the working environment of any construction project. It is present in the form of overhead and underground power lines, temporary and permanent power supplies, temporary lighting, hand tools, and wiring. No matter what the source or form of electricity, it exists as a hazard to those who work around it. Each year construction workers are injured or killed due to electrical related accidents. It is important that all construction workers are aware of electrical hazards that they may encounter and the proper preventative actions to reduce the chance of electrical shock.
Electrical Hazards
Electrical shock occurs when the human body comes in direct contact with an electrical current or in contact with a piece of machinery or a tool that is in direct contact with an electrical current and the electrical current follows the body as a path to ground. The severity of the shock is dependent upon the amount of current that flows through the body, the path the current takes through the body, and the length of time the body serves as the circuit. The current's voltage, presence of moisture in the environment, phase of the heart cycle when the shock occurs, and the general health of the person prior to the shock occurrence are also factors of shock severity. Effects to the body can range from barely perceptible to severe burns or immediate cardiac arrest (OSHA 2009a) .
Between 1992 and 1999 electrocution was the fifth leading cause of all occupational fatalities in the United States and the cause of 1,144 electrocutions in the construction industry. The construction trades account for 39% of all occupational related electrocution fatalities and have the second highest fatality rate out of all occupations (Taylor et al. 2002) . Between 2003 and , electrocution was listed as the cause of 488 deaths in the construction industry by the U.S. Department of Labor's Bureau of Labor Statistics (2009) . In a separate study, Janick (2008) noted only 26% of the construction fatalities listed as electrocutions were connected to electricians, meaning that the majority of the electrocutions occur to non-electrical workers. In that same study, it was noted that 10% of all construction industry deaths in 2006 were electrocution related.
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In a separate study (Dong et al. 2007 ) of data from the U.S. Bureau of Labor Statistics, electrocution was ranked as the fourth leading cause of death in construction in 2005. The top three leading causes were falls to a lower level, transportation injuries, and struck-by objects and equipment. Although electrocutions caused 9% of the 1,243 construction-worker deaths, electrical shock accounted for less than 1% of reported recordable nonfatal injuries in 2005. Most accidents involving electricity and electrical shock cause severe injury or death From the same study (Dong et al. 2007) , it was noted that the construction occupations having the highest average electrocutions per year were electricians, construction laborers, supervisors/managers, and electrical power installers and repairers. The causes of electrocutions in construction differ between electrical workers and non-electrical workers. Between 2003 and , the main cause of electrocution of electrical workers (electricians, electrical power installers and repairers, their apprentices and helpers doing electrical work, and their supervisors) was contact with energized, or "live", equipment and wiring. The secondary cause of electrical workers' deaths was contact with overhead power lines (Figure 1a) . The main cause of electrocution of non-electrical workers was contact with overhead power lines and the secondary cause was by machinery and appliances with faulty electrical systems (Figure 1b) . Contact with overhead lines includes direct contact by the person (accounting for about 20% of overhead line contract) and indirect contact such as equipment or material transferring the current and causing electrocution (accounting for 80% of overhead line contact accidents). Different types of electrical injuries that occur include electrical shocks, electrical burns, heat burns, arc blast effects (hearing loss and physical injuries), and falls as a result of electrical shock. Between 2003 and 2005, electrical shock was listed as the cause of 362 deaths. Arc flashes or blasts were responsible for 11 deaths (Dong et al. 2007 ).
Fatality Case Studies
NIOSH investigates fatal occupation injuries through its Fatality Assessment and Control Evaluation (FACE) Program. Deaths from electrocutions are one of the FACE Program's target areas (NIOSH 2009) . FACE reports are publically available through NIOSH online <http://www.cdc.gov/niosh/face/>. The FACE reports are used to show examples of different types of electrical shock and electrocution accidents that happened in real life. FACE #2003-10 & #1993-10 serve as examples of contact with overhead power lines. FACE #1993-10 and #1994-17 are poor examples of administering aid and first response. FACE #1994-17 also serves as an example of how contacting wires. FACE #1991-05 is an example of ensuring use of cords with proper insulation and an accident resulting because of contact with live wiring. FACE #1990-22 shows what can happen when proper lock-out and tag-out procedures are not followed and what happens when equipment is not deenergized before working on it. FACE #1988-02 is an example of electrocution through faulty light fixture wiring.
The FACE report summaries show that electrical safety is a concern to everyone on site and each worker needs to be aware of the possible hazards that exist within their working area. Two common suggestions of NIOSH, within several of the FACE reports, to prevent similar occurrences on the job are to "conduct a jobsite survey during the planning phases of any construction project to identify potential hazards, and to develop and implement appropriate control measures for these hazards" and to "develop, implement and enforce a comprehensive safety and health training program in language(s) and literacy level(s) for workers, which include training in hazard recognition and the avoidance of unsafe conditions."
Hazard awareness training is important to the goal of reducing electrical related accidents. A Virtual Environment (VE) simulation based safety training program is proposed. A VE simulation based safety training program can offer an engaging
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Lucas, Zhao and Thabet and interactive tool for training all construction workers on electrical hazards and safe working procedures. This paper investigates current safety training requirements and practices within the construction industry related to electrical safety. The benefits of using VE simulation and its enhancement of cognitive learning abilities are also explored. The proposed safety training program that uses VE simulations for hazard awareness and procedural training, the VE prototype development, and early implementation is also discussed.
CURRENT INDUSTRY TRAINING
The Occupational Safety and Health Administration (OSHA) sets forth requirements for training of all workers that work around or with electricity. They also have requirements of training for construction workers. The fulfillment of those requirements is the responsibility of each individual employer. Some employers use structured safety programs and materials developed by media companies that specialize in training while others conduct their own training. The important part of any training program is that it meets the minimum requirements set forth by OSHA and that the developed training program adequately trains each employee so they can safely perform their tasks on the jobsite. 1910 .332 (OSHA 2009c requires training for all employees who may be expected to face risk of injury due to electric shock or other electrical hazards. The training should allow each worker to gain an understanding of safety-related working practices around electricity. This includes training for workers who are not working directly on electrical equipment but who are required to work in close proximity to electrical equipment and electrical distribution systems. These individuals are responsible for identifying hazards that exist within the work environment and the proper corresponding practices. The OSHA regulations cover areas of regulations for protection of the employees, exposed energized equipment near passageways and open spaces that may put other workers at risk, and working with cords and cables including those attached to electrical hand tools. Within these regulations are procedures for de-energizing equipment, tagging equipment, identifying environment ware on equipment, use of temporary electrical equipment, and batteries and battery charging.
OSHA Requirements
OSHA regulations are meant to form the minimum requirement of what to include in an electrical safety program. To ensure up-to-date information on electrical safety, employers, professional organizations, and OSHA recommend further compliance with two consensus standards. Those standards are the National Electrical Code (NFPA 70) and the Standard for Electrical Safety in the Workplace (NFPA 70E). NFPA 70 deals with design and installation of electrical equipment while NFPA 70E deals with working on electrical equipment (Kolak 2007 ).
Industry Practices
Multiple construction company safety training programs were examined to determine how electrical safety training fits within their company safety plans and project specific safety plans. General contractors typically approach electrical safety practices for their workforce as part of the overall training orientation for new hires and within their overall company safety program. Some companies require new workers to participate in an OSHA 30 Hour Outreach Training program for general safety training and used the electrical module of that training class to inform their employees of general electrical safety and hazard awareness. Site specific electrical hazards are often covered at weekly meetings at each site or during daily hazard meetings.
During the safety meetings and orientations different materials are used for the training of employees that include slide shows, videos, books, and other hand outs. Within these materials regulations are presented for safe working procedures and equipment usage. The construction industry also takes advantage of using case examples of fatality assessments such as the NIOSH FACE reports or within the mechanical industry MCA Toolbox Talks. These methods take advantage of describing a scenario and an action that caused an accident or fatality. They also discuss the lessons learned and the proper procedures that should have been followed to prevent the accidents and properly follow regulations. In this method of training a real life aspect is brought into the training in an "it can happen to you" scenario and allows the trainees to relate conditions and regulations with real life situations and a life or death importance.
Safety professionals emphasize the importance of proper extension cord use, ensuring that cords and power tools have the proper ground, and the use of GFCIs on the worksite when training general employees. Site superintendants are trained on temporary power and lighting issues to ensure their employees as well as subcontractors and subcontractor employees are properly installing and working with temporary electricity. Depending on the size of the job and company the superintendant Lucas, Zhao and Thabet or a designated safety professional is ultimately responsible for enforcing the company's safety regulations including the regulations for using temporary power, electrical tools, and cords.
When the superintendent is in charge of all safety including electrical issues on site there are several barriers that make enforcing electrical regulations difficult. These include the knowledge level of the superintendent. It is difficult for one individual to be aware of all the regulations of every task that goes on during a site. In terms of electrical safety this is difficult because electricians work on different types of equipment and power sources. The voltage of each equipment determine protective clothing and procedural practices involved in completing each task. The superintendant typically does not know this information so the company takes steps to insure that they are informed and can adequately enforce regulations. Another barrier for general contractors is insuring that only qualified persons are working on electrical distribution systems. Nonelectrical works who install low voltage systems such as alarms and communications are at risk when they connect their systems to a main electrical distribution panel or working on a live system. This leads to a risk of electrical shock if they do not take proper procedures or have a qualified electrician perform the task.
Electrical safety is a concern on site to make sure everyone that is working on site is following proper procedures and is informed of existing hazards. Each company has developed programs to train individuals of electrical hazards and safety. Individuals within these training programs are trained with books, videos, slideshows, weekly meetings, and classroom based sessions. These methods of learning are passive in nature. Passive methods of training are not engaging and may not maximize knowledge acquisition and retention, especially for more complex tasks (Burke et al. 2006) . Adult learners have been identified as 'problem-centered' and 'solution-driven' (Kowalski and Vaught 2002) so training methods that are more engaging and task-centered are likely to be more effective for adults and lead to better comprehension of materials.
IMPROVING TRAINING THROUGH VIRTUAL ENVIRONMENT SIMULATION
Since the passive methods of learning that are currently used are not the most effective for adult learners and comprehension levels are often higher with active and interactive training, it is believed that an active and interactive training program would be more effective for the industry. Neville (1998) suggests that effective training programs can help save large costs by preventing accidents. Effective training does not only save lives with fewer accidents but eliminates the extra indirect costs associated with accident investigations, insurance rates, equipment downtime and repair, lost productivity, and finding replacement help. Safety programs may have a cost associated with their creation but a safe working environment with fewer accidents decrease insurance rates, increase productivity, and better quality work by extending the cost savings to clients and getting more work by completing it at a lower cost (McKinnon 2000) . There are several ways to make learning more active and engaging. Classroom-based learning is more active with discussions, group brainstorming, and participant involvement (Bonwell and Eison 1991) as opposed to passive learning of listening to an instructor lecturing. These active learning techniques in a classroom only offer a certain level of interactivity. Other training methods like on-the-job training, full scale training mock-ups, and the use of Virtual Environment (VE) simulation offer more engagement. VEs are often used in place of on-the-job training or full size simulation because the technology allows for safe simulation of real-life events in a digital environment that might otherwise be too dangerous or expensive to create (Haller et al. 1999) . VEs also have the ability to create a problem-based learning exercise in an environment that replicates the trainee's actual working environment (McAlpine and Stothard 2003) . A VE is described as a 3-dimensional world seen from a first-person point of view that is under real-time control of the user . A training program that uses a VE offers an interactive, active, and cognitive learning experience for the user (Stanney and Zyda 2002; Munro et al. 2002) . Because of the level of safety VEs allow and the level of danger associated with working around electricity, the use of VE for an electrical safety training is proposed.
Past uses of VE
VEs have been used with varied success for fire-fighter training (Querrec and Chevaillier 2001) , mine safety training (Lucas et al. 2008) , security in refineries (Haller et al. 1999) , buildings' fire detection systems (Bukowsky and Sequin 1997) , safe equipment operation (Hollands et al. 2000) and shipboard fire fighting (Tate and Sibert 1997) .
Specifically within the construction industry VEs and VR technology have been used for constructability analysis of precast concrete (Soemardi 2000) , structural analysis application development (Setareh, et al. 2005) , as well as for safety training and simulation. Irizarry and Abraham (2005) have explored the use of VR in improving safety in steel erection through the use of an immersive environment. It allows for the simulation and recognition of hazards during steel erection without the actualization of the danger. VE has also been used to simulate working on scaffolding in hopes to reduce the risk of falling once the workers enter the real worksite (Hsiao et al. 2005 ).
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VE has been used as a simulation and training tool for electricians and electrical work. Sulbaran and Shiratuddin (2006) proposed a framework for developing a VE tool for electrical design and installation review for designers and electrical contractors. A tool that would help with coordinating systems, lead to a reduction in rework, and ultimately save all parties money. Immersive VE has also been used for training of lineman to work on live line cutout switches through the use of a head mounted display and glove system. The program trains the user of proper procedures for completing this very dangerous work (Park et al. 2006) . No known projects deal with the use of VEs in electrical safety training in terms of general construction needs and situations.
Learning with VE
Using VE's for training offers enhancement of cognitive learning, learning by active participation, increased motivation, and flexibility in terms of time and location. Cognitive learning is a process of acquiring knowledge and understanding through thought, experience, and the senses (Driscoll 1994) . When tasks are more cognitively demanding than physically demanding those tasks are called cognitive tasks. To enhance human performance of cognitive tasks, an understanding of how information is processed is needed. Wickens (1992) describes the human information-processing model. In this model, information is perceived by sensors and held-up in a temporary memory. It is then acted upon through dedicated actuators and stored into long-term memory. The long-term memory stores practiced work methods or algorithms for future use. At the same time, information is captured by the various sensory systems. Each of the sensory systems has a short-tem memory where stimuli remain, even for a short time after they are gone. The memory perceives the stimuli and processes them. The stimuli are then recognized, indentified, or classified into long term memory where they are recalled for later response to other stimuli based on past experiences.
The way that VEs work with theories of cognitive learning is that they allow training through rehearsal of tasks and experience of consequences in a close to real-life familiarity (Stothard et al. 2004) . The interaction within a VE cause perceptual, memory, and decision making cognitive processes that lead to an understanding of location knowledge, structural knowledge, behavior knowledge, and procedural knowledge that can then be transferred to the real working environment (Munro et al. 2002) . Adults can cognitively focus on a few things at a time. When outside distractions take cognitive resources to handle, it is taking those resources away from other aspects of the job, like safety. Through simulation and repetitive practice of safe processes through meaningful interaction, safety can become ingrained as second nature and not require as high of a cognitive load (Trybus 2008) . Studies have been completed that conclude the brain reacts in similar ways in both the virtual and real environment which suggests a transfer of knowledge between simulated activities and real world activities (Mikropoulos 2001) . Through repetitive simulation, processes become second nature to people as part of their muscle memory and their reactions become automatic (Stefanidis et al. 2008) . Eschenbrenner et al. (2008) summarize benefits of learning within a 3D environment. Those benefits include the ability for students to experiment without concern for "real-world repercussions" and the ability to "learn by doing." With a VE program, the user controls the objects and couples this with information and descriptions and later task-based testing, thus, an interactive and active-learning experience is created.
Another important characteristic of the personal computer VE-based programs is the flexibility (in terms of time and location) that they offer to the user. In traditional classroom-based training/instruction, availability of the training provider and trainees need to be coordinated to schedule the training session. VEs, especially when designed for use with a personal computer, allow for convenience of location and time. The user can participate in the training in a job trailer, office, or conceivably the back of a truck with a laptop computer. There is no limitation to classroom or training schedules. Tracking the user performance can be built into the applications, which reduces the need for direct trainee observation.
TRAINING PROGRAM STRUCTURE
A VE simulation based training program is proposed to enhance electrical safety awareness within the construction industry. This program includes training points that meet OSHA requirements and refers to current industry practices for electrical training. All training content are arranged into categories and integrated into a series of scenarios that are designed around accident case studies, industry suggestions about common hazards, and FACE reports.
Training Elements Matrix
A review of literature and industry training practices was conducted. This allowed for the development of a list of training points that need to be incorporated into an electrical safety training program. To structure the training program, all the training points are arranged into the training elements matrix (Figure 2 ). Training elements were extracted from OSHA regulations for work around electricity and suggestions received from industry members, other literature review. Each element is a training objective that the trainee must complete.
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Each training element is then categorized into the Training Elements Inventory. This inventory consists of four training categories: (1) Electricity Basics which includes electricity fundamentals such as current flow and shock sources; (2) Working around Electricity which deals with safety regulations for working around electrical power sources and what precautions that need to be taken; (3) Working with Electricity, which includes topics of proper use of temporary power, extension cords, electric tools, personal protective equipment, and identifying equipment decay and environmental deterioration; and (4) Safe Emergency Response Procedures which includes proper response procedures to use when attempting to administer aid to someone who comes in contact with an electrical hazard. The categorized training elements are then incorporated into a series of modules relating to specific hazards that make up the Training Elements Matrix. The matrix consists of two axes (Figure 3) , the Hazard Category Axis and the Category Axis. All the training elements that refined from the previously collected information in the training elements inventory are filtered into this matrix, and then stored for further simulation. Each hazard module is design on information retrieved from fatality cases in FACE reports, information presented in MCA Toolbox Talks, and industry suggestions that deal with electrocutions in construction. Each module represents a major hazard and can cause electrocution. The working conditions that workers are exposed to related to each hazard are simulated with the module. The VE simulations allow the user to be exposed to the hazards within the simulated environment so they can recognize those hazards and proper working procedures and transfer their experiences to real life environments. The Training Elements Matrix is expandable to add more scenarios of different hazards. Contact with overhead power lines is the largest cause of fatalities to non-electrical construction workers and the second largest cause of fatalities to electrical workers. Overhead power line safety is the hazard category for module 1. The training elements for each of the training categories dealing with this hazard were extracted from OSHA safety requirements and recent FACE reports dealing with overhead power line accidents.
In order to design the overhead power line module the Training Elements Inventory is filtered for all relevant training elements that fall into each training category. The basics of working around overhead power lines, the dangers that put the worker and risk, and proper protective equipment that should be used are examples of the training elements stored in category 1 for the overhead power line hazard module. Voltage checking, safe working distances and clearances, moving of large equipment near power lines are training elements in category 2, working around the electricity. In category 3, temporarily moving or fixing power lines, working with poles are examples of training elements. Category 4 deals with rapid response for administering aid/assistance when contacting power lines or when power lines are torn down. How to response rapidly and correctly when contacting power lines or when power lines torn down are the training elements in category 4.
Example Training Scenario
When the training elements matrix is completed, each hazard module consists of a series of scenarios. Each scenario is simulated independently. This allows the user to choose which scenarios they would like to complete. This allows the user to complete specific training relevant to their working task or work environment (see Figure 4) .
The model components for each scenario are created in AutoDesk's 3D Studio Max. The completed models were then imported into GarageGames' Torque 3D game engine where the digital virtual environment is compiled. The interactive events and corresponding animations are controlled by programming scripts in Torque 3D using C++ syntax.
Each training element is programmed as an independent interactive event. These events are triggered by various approaches depending on the desired reaction. For examples, a touch approach is used to trigger the training event for safety emergency responses on "contact power line" when the user touches a power line. Another example would be when arriving in the area of a torn-down power line, a proximity approach triggers the event dealing with broken power lines emergency. These events are a mixture of animations and text used to present material to the user. All presenting methods used in the scenario are aimed at increasing the learning efficiency and enhancing the training effectiveness. The learning efficiency and training effectiveness will be studied through evaluation processes discussed in future research. 
Lucas, Zhao and Thabet

The designed prototype scenario uses an overhead power line as an environmental hazard. The simulation is set in an outside environment. There is a building on the site in close proximity to an overhead power line. A simulated piece of construction machinery is also included for training purposes ( Figure 5 ). In this scenario, the user has free navigational control of the environment in either first-person or third-person view. The view switching function is intended to avoid dead angles or prevent the user from being stuck in an area of the 3D environment. At the same time the view switching provides the user with a more engaged visual feeling and allows them to explore situations from multiple angles for a better spatial understanding. While the user is walking through the scenario various triggers are touched causing the game engine to respond with the programmed reactions. For example, when the user walks close to the 10-foot distance line indicating the distance from the overhead power lines' upright projection allowed by safety regulations, the training element of "safe working distance and clearance" is triggered and a text panel appears on the screen explaining this safety regulation (see Figure 6 ). Clues are used throughout the scenario to attract the user and lead them to finish all interactive training events and view all simulations within the scenario. For example, a warning sign is set near a high voltage power tower. A flashing light on the sign is the clue drawing the user to approach and read it. When the user stops at the sign, the information of training element "voltage checking" shows up near that sign explaining the importance of understanding the voltage of the line when working in close proximity to the line. Learning occurs unconsciously and impresses the trainee in a positive manner through these training simulations. In addition, the triggers are repeatable so that the reactions may be repeated to reinforce the training elements. At the completion of the hazard scenario the user will complete a connected task-based training scenario. This task-based training section will contain most of the same triggers as in the training section but the reaction will change. For example, if the user walks to close to the power line, no instruction will be given, but an electric arc will take place reducing the user's health points for failure to take proper safety precautions. At the test beginning, the user are given 100 health points, if they do something correctly according the training matrix, their health points will increase, otherwise their health points will drop until reaching 0 which indicates test failure. The number of health points reduced represents the severity of the infraction. The more likely a failure is to cause electrocution and death, the higher number of health points will be removed.
PROGRAM DEVELOPMENT OVERVIEW
The Training Elements Matrix and module simulations fall within an overall training program that consists of six steps (figure 7) . Information gathering and analysis (step 1) was first completed to gain a basic understanding of industry needs and Lucas, Zhao and Thabet training practices. Then that information was organized into the Training Elements Matrix (step 2). With the Training Elements Matrix developed, the training elements are then simulated for the training prototype (step 3). The prototype development consists of several scenarios designed to teach and test the user of proper working procedures within the overhead power lines hazard module.
Step 2: Training Program Structuring
Step 1:Information Gathering and Analysis
Step 3: Training Program Prototype (Hazard Module 1)
IF NOT QUALIFIED
Prototype Modifying
Dissemination, Long-term Observation and Assessment
Step 4: Prototype Evaluation
Step 5 After completing the piloting prototype and confirming its functionality, it will go through industry evaluation (step 4). Collected feedback will be used for prototype modification in terms of usability and information rationality. The feedback of industry evaluation will help to modify the ease of navigation and environmental interaction, completeness of training points, and the understandability of information. The prototype will go through several rounds of evaluation and refinement. Once these rounds of evaluation on the prototype are complete, the other hazard modules will be designed and implemented (step 5). The complete training program will then be evaluated by the industry (step 6). The information presented in the new modules will be evaluated by the industry. The entire program will then be evaluated with a focus on its usefulness and effectiveness.
DISCUSSION
Evaluation of the prototype, especially in terms of interface design and user interaction within the environment, is very important to the success of the training program. Once when the interface design is understandable and the user interactions easy to understand and perform the application will be available for an effectiveness study. To get the prototype to a point that will allow for effectiveness studies requires industry participation and real trainee (targeted user group) feedback. In the future, long term behavioral observation and economic efficiency studies can be performed. One issue with the development of a safety training application that allows for complete training of electrical safety through VE simulation is that many hazards are task or environmental based. Not every employee would need to be familiar with every hazard or environment. The VE training program will allow for selecting specific tasks and working environments to customize worker training to their needs. This will allow for training on relevant tasks and materials and prevent an overload of information to the user, most of which he or she may not come in contact with. The modules developed within the Training Element Matrix allow for this sorting of relevant hazard training and scenarios. Another benefit to the module organization is that new elements can be added for specific companies and not all training scenarios need to be developed at once. Scenarios can be selected and filtered within a system based upon the training points that the user needs to learn in order to safety complete their assigned tasks in the real environments.
